A wide range of commercially available sensors are frequently used to record the response of civil engineering structures that may be subjected to unexpected loading scenarios, changes of environmental conditions or material deterioration. However, a common problem faced when using these sensors is to distinguish strain changes experienced by the structure due to a temperature change from strain changes that occur due to other causes. Temperature effects on strain sensors are usually accommodated by allowing for temperature effects (temperature compensation); however, there is limited research in the literature that investigates the performance of strain sensor measurements when subjected to temperature change. Understanding the temperature effect on strain sensors will greatly enhance the ability of civil engineers to monitor the performance of structural materials. In this paper, different types of commonly used and advanced strain sensors have been installed in a reinforced concrete beam to measure the thermal strain response of concrete under different temperature conditions. The experimental results demonstrated a 25-30% difference in strain measurements from the different sensors. It is shown in this paper that this difference is due to the combined effects of sensor inaccuracy, uncertainties related to the testing conditions and uncertainties associated with the temperature compensation methods.
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Introduction
Structural Health Monitoring (SHM) relies on the use of sensors to measure physical parameters. The strain change of structures is one of the most commonly assessed quantities in SHM to investigate the performance of structures under loading. There are three categories of commercially available strain sensors: (i) discrete strain sensors, (ii) quasi-distributed strain sensors and (iii) highly distributed strain sensors. Discrete sensors measure localised strain at the point where the sensor is installed while the highly distributed strain sensors measure the complete strain profile along the entire length of the sensor. Quasi-distributed strain sensors are discrete sensors connected in series. Measurements from these sensors are adversely affected by the surrounding environment such as temperature change which induces a thermal component in the sensor strain measurement. This is due to the different thermal expansion properties of the materials that constitute the sensor itself and the structural material in which the sensor is installed. Many civil engineering structures are subjected to repeated temperature changes on a very frequent basis hence it is important to understand how the thermal effects influence the strain measurements so that the mechanical strain induced by any unexpected loading scenarios or rapid material deterioration can be more accurately derived.
The effect of temperature on different sensors (conventional and advanced) has been researched by a number of researchers in the past. The following sections will briefly discuss some of the most significant research that has been done previously. Neild et al. (2005) conducted theoretical calculations to express the relationship between the measurements of Vibrating Wire Strain Gauges (VWSG) and the thermal deformation of a test specimen. Based on the results obtained, they argued that an unstrained VWSG (i.e. free from structural material deformations but under the same environmental conditions as the test specimen) should be used as a dummy gauge to compensate the temperature effect. However, they also found that if the sizes and geometries of the test specimens and the control samples were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 significantly different, they would be affected differently by temperature. This may have a significant implication, particularly in cases where such sensors are embedded in massive concrete structures like bridges for example. Sreeshyiarn et al. (2008) reported a temperature calibration factor of 2.19με/°C for an embedded VWSG and 4.32με/°C for a surface mounted gauge on a concrete specimen. They expressed concern that, due to the varied thermal expansion coefficient of concrete from one case to another, an individual calibration test was required for each VWSG.
Recently developed measurement technologies, such as fibre optic sensors, have been used to measure strain and/or temperature changes of structures whether embedded internally or attached externally.
The advantages of these sensors over conventional sensors (e.g. VWSGs) include: they are not affected by electro-magnetic fields, longer sensing lengths and the potential to provide a long term reliable monitoring solution (Chen et. al., 1994) . Two types of fibre optic sensors are most commonly adopted in practice: (a) the Fibre Bragg Grating sensors (FBG) and the distributed optical fibre cables (FO). The former are quasi-distributed sensors where individual FBGs can be placed at numerous locations on one cable (providing simultaneous multiple points sensing) while the latter have the advantage of providing highly-distributed continuous strain profiles along the entire length of the optical fibre cables and are believed to have potential for long term monitoring with less implementation costs (Hoult et al. 2009 ).
The particular FO technique discussed in this paper uses the Brillouin backscattering technique (Bao and Chen, 2011) . Published case studies in the literature where temperature compensation is discussed in detail are very limited. Rodrigues et al. (2010) presented a study on FBG sensors where the FBG sensors were initially fixed onto steel tubes before they were embedded in the concrete deck of the Lezíria Bridge in Portugal. For temperature compensation in particular, the paper mentioned briefly that a direct calculation could be applied with known temperature measurements at the location of the FBG sensors, taking into account the characteristics of the FBGs and the material of the structure that was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 being monitored. However, no further detail was given for the accuracy and reliability of measurements after applying such a temperature compensation method. Mohamad (2008) discussed the use of dummy temperature optical fibre cables alongside the active FO sensing cables to carry out temperature compensation for distributed FO measurements. The design of the temperature optical fibre cable allows the cables to be used for temperature compensation. The fibre core in the FO dummy temperature cable can expand freely in a gel-filled tube and hence is isolated from any strains transmitted to the outer sheath of the cable. The "temperature strain" measured by the temperature cable is then subtracted from the total strain measured by the active FO sensing cable to calculate the mechanical strain. Mohamad (2012) argued that using such a method is much cheaper and simpler than other approaches, particularly when temperature coefficients relating to different types of optical fibres can be easily estimated. Field case studies conducted recently (Webb, 2010 and Schwamb, 2010) discussed the installation of FO temperature and strain cables in a number of pre-stressed concrete bridge beams and cast in-situ concrete pile foundations at the Nine Wells Bridge near Cambridge, UK. Schwamb (2010) , who reported the pile foundation sensing results, pointed out that the accurate interpretation of the measurements, including temperature compensation, is highly dependent on the geometric alignment of the strain and temperature cables; a small mis-alignment of 5cm resulted in significantly inaccurate results. Webb (2010) adopted the same temperature compensation method as suggested by Mohamad (2012) and compared the temperature compensated FO measurements to the theoretical strain prediction and found that the two were correlated well in larger scale.
In summary, SHM schemes have been used to monitor the performance of a number of civil engineering structures, however, in most cases the sensors employed in these SHM schemes are likely to be subjected to and affected by temperature changes. In most studies in the literature, measurements from different independent instruments would normally be introduced to allow cross calibration and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 comparison, however there is still little quantitative evidence available on the reliability of the different sensors when subjected to temperature changes. Understanding the effect of the temperature changes on the different strain sensors plays a significant role in understanding the performance of the structures under conditions such as unexpected/extreme loading scenarios and rapid material deterioration. The research presented in this paper provides quantitative information about the effect of temperature on some of the most commonly used strain sensors such as the VWSGs and FBGs, as well as some of the promising new strain sensors such as distributed FO sensors.
Experiment design
Since the vast majority of commonly used strain sensors are affected to some extent by temperature, the reliability of their output measurements needs careful calibration and validation. Therefore, a thorough study of the effect of temperature on strain measurements is needed. The research presented in this paper examined the performance of strain sensors from two main perspectives: 1) How reliable is the sensor calibration and what is the accuracy of the measurements?
2) What role does temperature compensation play in the accuracy of measurements?
To investigate the questions above, an experimental programme was conducted in which a reinforced concrete beam, instrumented with four types of strain sensors, was subjected to varied temperature conditions without external mechanical loading. The beam was 3.5m in length with cross-section dimensions of 25cm in depth and 20cm in width as shown in Figure 1 . It had a cylinder compressive strength of 32 MPa at 28 days. Four Grade 500B reinforcement steel bars with a diameter of 12mm were used as longitudinal reinforcement while 8mm diameter shear links were used (at a spacing of Figure 1c and 1d. Temperatures inside the beam were monitored by thermocouples (type K) and distributed optical fibre (FO) temperature cable.
Thermocouples were installed at the same locations as each of the discrete strain sensors (ERS, VWSG and FBG) and also at the mid-height of the beam at a number of locations along the beam as shown in Figure 2a and 2b. 
Figure 2 Location of thermocouples
The experiment was divided into two parts; firstly, the whole beam was enclosed in an insulated box where all external surfaces of the beam were uniformly heated (from room temperature up to a maximum of 40°C in 1°C increments) as shown schematically in Figure 3a . In this case, the thermal strains measured from all instruments were expected to be the same given the beam was allowed to expand freely. In the second part of the experiment, the same concrete beam was used however, this time only the top surface of the beam was exposed to rising temperature inside the temperature box (Figure 3b ), thus creating a temperature gradient through the depth of the beam. The bottom was a) Side elevation view of thermocouples locations (dimensions in 'cm') CH 10 uncovered and exposed to ambient air temperature. The ends of the beam were wrapped with glass wool insulation which allows the beam to expand freely but prevents heat lost through ends. This part of the experiment was aimed at simulating the thermal loading experienced by bridge decks (where sunlight heats up the top surface of the bridge while the bottom surface is shaded).
Figure 3 Schematic experimental setups (All dimensions are in CM)
Figure 4a and 4b show images of the experimental setup for the constant temperature test. Figure 4a shows an overview of the overall experimental setup while Figure 4b shows the different parts used to control the temperature imposed on the beam surfaces. Two 120 watt heaters were used to control the temperature inside the experimental setup, with two fans used to circulate the air within the box. In order to achieve uniform temperature conditions around the concrete beam, a number of preliminary tests were conducted to optimise the location of the heaters and the fans; Figure 3a and 4b show their final locations. Figure 5a , 5b and 5c show the experimental setup for the temperature gradient test. The external fan shown in Figure 5a was used to increase the airflow at the bottom surface of the beam. This is to ensure that a distinctive temperature gradient is created. Insulation was firmly attached to the two sides of the beam to ensure only the top surface of the beam was affected by temperature change. Figure 5c shows an image of the setup inside the insulated box. 
Experimental Results

Constant temperature experiment
The temperature monitoring results at the locations shown in Figure 2 inside the concrete beam and at the locations shown in Figure 3a on the external surface of the beam are presented in Figure 6a and 6b.
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Temperature gradient experiment
Temperature measurements from the thermocouples inside the beam ( The strain results obtained from sensors are shown in Figure 9 for the top, middle and bottom parts of the beam respectively. Each line shown in Figure 9a and 9b is the average plot for all the sensors of the same type; the strain measurements obtained from the same type sensors at the same depth in the beam were very consistent. The theoretical strain for the concrete was again calculated assuming a thermal expansion coefficient of 11με/°C. Despite the sensitivity of each sensor, the difference in conductivity of concrete and steel created a complicated heat conduction process in the bottom part of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 the beam, which caused a bigger variation in the bottom measurements (30%) as shown in Figure 9b . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 spectrum. Such slices typically have a smooth Gaussian shape; the centre (i.e., top) of the reflected
Gaussian peak is what is used to make measurements. The FBG's peak shifts (to a higher or lower center wavelength) when either the fiber is strained or its temperature changes.
The measurements obtained from the sensor labeled as "FBG-bottom-4" (the bottom sensor on the right as shown in Figure 1d ) showed a significant variation (about 100με) from all the others at the maximum temperature to which the concrete beam was subjected (Figure 10a ). Looking into the spectrum response of this particular FBG, three peaks were noticed for measurements above 32°C, so the analyser tracked different peaks at different times leading to large measurements.
Measurements from the rest of FBG sensors varied by approximately 10% from the average (From Figure 10b the average is 275με ± 48με). The linear nature of the plots in Figure 10a and 10b may suggest that this variation between the FBG measurements is due to the effect of using inaccurate strain calibration coefficients, however, other factors such as sensor installation effects (bonding between the sensor and the steel reinforcement) and localised effects (effect of the localised concrete strains on the sensor) could have also influenced the measurements. Temperature compensation is conducted by using a temperature calibration factor (also called the thermal-optical constant) which relates the shift in wavelength of the Gaussian's peak to temperature change (Kreuze,2013) . For a given temperature change the corresponding wavelength shift is calculated and subtracted from the total shift. In Figure   10b , which shows the temperature compensated FBG strain measurements, inconsistency between the FBG sensors is observed; a number of factors might have caused such variation.
1) The resolution of the recorded temperature measurements (temperature measurement resolution): In this case, approximately ±8με difference could have been caused due to the ±1°C thermocouple resolution .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   22 2) The temperature calibration of the FBG sensors: standard practice is to apply a conversion coefficient to the frequency shift output from the sensors. Manufacturers typically use a single conversion coefficient for all the sensors supplied (0.017nanometer/°C for the FBGs used in this research). However, thermal calibration tests performed by the authors (described in more detail later) found that a difference of up to ± 2% (4% variation in total) could be measured between individual sensors on the same cable when subjected to the same temperature change. According to the FBG manufacturer's datasheet, a strain of magnitude 1με causes a peak wavelength shift of 1.213 picometer, therefore, at 42°C, the total 4% variation equates to about 24με (±12με).
3) The two factors above could account for 28με of a total discrepancy of 48με discrepancy observed in Figure 10b . The other 20με could be attributed to other effects like the bonding between the FBG sensors, the steel reinforcement and the surrounding concrete; normally assumed to be the same for all the sensors, however, in practice it is not possible to verify that this is the case. In addition, the concrete surrounding the sensors is assumed to behave homogenously throughout but in practice the concrete will have minor variations along the beam resulting in small different bond characteristics with the FBG sensor and the steel.
Measurements of FBG sensors from stage 1 of the temperature gradient test (as detailed in Section 3.2)
after temperature compensation are shown in Figure 11 . The graph shows that the FBG sensors did not pick up the strain difference due to the 3°C temperature gradient, recorded 24 hours after the start of the test, between the top and bottom reinforcement layers (see Figure 8d) . Such a temperature gradient corresponds, in theory, to about 30με strain difference; it is interesting to note that the manufacturer of the FBGs claims a 1~2με strain resolution. Figure 12 . The water temperature was controlled by a heater and measured by three different thermocouples at different locations as shown in the figure. Data from the fourth sensor (FBG-4) were excluded because as temperature increased, it experienced data loss. This might be because the sensor was located close to the heater and the fan (used to distribute heat around), which caused the sensor experienced unusual strain changes. The results, plotted in Figure 13 , show a 4% difference between the sensors when subjected to the same temperature change (at 42°C this equates to approximately 24με). This inconsistency reveals that applying an average temperature coefficient to different FBG sensors is insufficient to obtain reliable measurements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Compared to the total raw strain recorded by the VWSG, the steel thermal strain is significantly large and therefore dominates the shape of the graph of temperature compensated measurements as shown in Figure 14b and Figure 15 . Even though the linearity in response is achieved by conducting a theoretical calculation, the good agreement between estimated concrete strain and the actual measurements provides strong evidence that the standard temperature compensation method (Equation 1 above) is adequate. A maximum discrepancy of about 10με is noticed in Figure 14b ; this is well within the uncertainty due to the temperature resolution measurement of ±1°C. The VWGSs are fixed mechanically to the steel bars, so installation and bonding issues are not expected to have any significant influence. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Distributed optical fibre sensing cables
Fibre optic strain sensing technology capitalises the capability of light wave to travel along the entire length of a cable and the strain dependency frequency shift of the backscattered light to provide a continuous and distributed strain sensing solution (Mohamad, 2008) . Through the principle of Brillouin Optical Time Domain Reflectometry (BOTDR), when light passes through the fibre optic cables, a small amount of signal will be reflected back to the source as backscattered light. These may come in the form of Rayleigh, Brillouin and Raman backscattering. Within Brillouin backscattering, the peak Brillouin frequency experiences a shift when strain is induced. A linear correlation exists between the frequency shift and strain of the fibre optic cable. With the known time it takes for the backscattered signal to return to source, distance can be measured to a particular point of which the frequency shift or strain was measured. This effectively transforms the fibre optic cable to be the sensor itself, thus providing a continuous strain profile along its entire length. As shown in Figure 1 , the beam was instrumented using fibre optic cables at varies locations along the beam. For strain measurement, the Fujikura Reinforced 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   29 Ribbon Cable (JBT-03813) was used; the nylon coating and the inner glass cores are fixed together (known as tight-buffered) to ensure that the strain applied on the outer nylon sheath is transmitted into the cores. For temperature measurement, the standard loose-tube Unitube cable was used; the optical cores in this cable are surrounded by a gel and so the strain applied on the outer sheath does not get transmitted into the cores. Figure 16 shows the cross-sections of the two cables.
Comparison of temperature profiles obtained by the distributed Unitube fibre optic temperature cable with the discrete temperature measurements obtained by the thermocouples (locations of thermocouples shown in Figure 17 ) is shown in Figure 18 at different times during the test. The BOTDR measured strain from the Unitube cables are converted into temperature by using the conversion factor 23.67με/°C (Mohamad et al (2014) . From the constant temperature test where heat is gently conducted through the beam, as expected, temperature increased very quickly at beginning, corresponding to bigger jumps from one profile to another. Comparing FO measured temperature with the thermocouple readings, an average 2°C difference was observed (Figure 18a ). This is perhaps not surprising given that the resolution of the fibre optic measurement device using the Unitube cable is about ±100με which translates to about 4°C uncertainty in temperature measurement. This is in addition to the ±1°C uncertainty associated with the temperature measurement. Mohamad et al. (2014) embedded a fibre optic Unitube cable and thermocouples inside a concrete beam to measure the temperature change (using the two different sensors simultaneously) during the curing process following casting of the beam.
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A loose-tube standard telecommunications cable (Unitube) was installed next to the Fujikura strain sensing cable (JBT-03813) in order to conduct temperature compensation. Mohamad (2012) showed that the thermal strain ( ) can be derived from the following equation:
where m/m°C (BOTDR intrinsic thermal coefficient in a bare single-mode silica fibre) and is the thermal expansion coefficient of the fibre induced by the thermal stresses within the jacketed optical fibres. When the optical fibre cable is fully embedded in concrete, the jacket thermal expansion becomes less important as the concrete dominates and hence can be replaced by the thermal expansion coefficient of concrete (Mohamad et al, 2014 ). The thermal strain can then be subtracted from the total strain measured by the BOTDR analyser. For temperature compensation of distributed strain fibre optical measurements, two commonly used data processing methods are compared in this paper:
1) Subtracting the thermal strain from the total strain on a point by point ('pt to pt') basis along the sensing length.
2) Averaging the thermal strain over a 1m length and then subtracting this value from the total BOTDR measured strain over the same 1m length ('average 1m'). Figure 19 demonstrates the comparison of results from both experiments after compensating for temperature effect with different methods. The 'middle' presents results obtained from the middle strain cable which is barely embedded in concrete and 'side' means data from side cable that is attached to reinforced steel bar as shown in Figure 1d . In the constant temperature experiment, for temperatures   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   33 beyond 33°C, strain measurements from both cables with either temperature compensation method are giving close results with an average variation of less than 25με. However, for temperatures between 20°C to 30°C, the result from side cable with "average 1m" temperature compensation methods shows a particularly lower strain measurement. Correlated back to the temperature profile in Figure 6 , the specimen and fibre cable at this period of time were subjected to a rapidly temperature change condition. Considering the operational characteristics of the BOTDR Analyer with the spatial resolution of 0.5m and sensing time of ~30 seconds, the large variation in this part of the graph is within the acceptable limits of the BOTDR.
Under a rapid temperature-changing environment, a larger variation in temperature results in a higher uncertainty in thermal strain measurements and thus a different observation is made from the temperature gradient test. As shown in Figure 19b , the linearity of the measured strain to temperature graph is reduced, which implies that the material that the cable was attached to is the main factor influencing the final results in this case. This is further confirmed by measurements from bottom part of the beam: a better coherence is observed between results obtained from the two temperature compensation methods at this level while a clear difference appears between results from the middle cable and side cable.
Therefore, under a constant temperature condition where the concrete is gradually heated up, whether to install the FO cable to reinforcement or barely in concrete will give insignificant difference in final measurements. Alternatively, for situations where heat is quickly conducted through the concrete, the material that the FO cable is attached to has a significant contribution to the final measurements. The temperature compensation methods are found to have minor effect on either cable in either situation .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 35
Conclusions
Civil engineering infrastructures, including bridges, buildings, pipelines, etc., begin to deteriorate once they are built and operated. They could also be subjected to unexpected loading scenarios and/or frequent changes in the environmental conditions. The importance of monitoring the health of these civil infrastructures over time cannot be overstated; maintaining safe and fully functional civil infrastructures for daily use is vital for the well being of all societies. A wide range of commercially available strain sensors are frequently used to record the performance of civil engineering structures with time and/or loading; however, a common problem faced when using these sensors is to distinguish strain changes experienced by the structure due to a temperature change from strain changes that occur due to other causes.
In this research, four types of strain sensors including (i) electrical resistance strain gauges (ERSs), (ii) vibrating wire strain gauges (VWSGs), (iii) Fibre Bragg Gratings (FBGs), and (iv) distributed fibre optic strain sensors (FO) were embedded inside a reinforced concrete beam to test their performance under thermal loading. The thermal loading included a constant temperature test where the whole beam was subjected to temperature change and a temperature gradient test where only the top surface of the beam was subjected to increasing temperature while the bottom surface was exposed to room temperature.
Comparison of the results that included compensation for temperature effects by following the guidance from sensor manufacturers demonstrated an average of 25% variation in measurements between the different types of sensors under the constant temperature test. For the temperature gradient test, an even larger variation (30%) in measurements was observed. The FO sensors, with the advantage of providing continuous temperature or strain profiles, were unable to give highly accurate temperature measurements inside concrete. In particular, a 5°C difference was observed under a dynamic temperature environment. Thermocouples, in contrast, were highly reliable in comparison; however a large number of thermocouples would be required to monitor large concrete structures in practice with a much higher demand for labour during installation and cable routing.
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